Macrobrachium carcinus, one of the largest freshwater shrimp of the east coast of the Americas, is commercially fished in certain parts of the region. We present data concerning the reproductive biology of the species, and compare findings with those published for other species of Macrobrachium. Ovigerous females were collected monthly between March 2004 and April 2005 in the San Juan River, northern Costa Rica. Egg bearing females ranged in size from 120.1 to 190.1 mm total length. Fecundity increased with female size and, up to 242,437 eggs, can be considered as high compared to other species of Macrobrachium. Average egg volume increased gradually during embryogenesis from 0.065 to 0.088 mm 3 , representing an overall increase of 35.4%. Eggs can be considered as small, typical for Macrobrachium species depending on brackish water to complete larval development. Reproductive output of M. carcinus varied between 4.0% and 21.0%, and was independent of female size; these values are within the range reported for other species of Macrobrachium and other marine caridean shrimp.
INTRODUCTION
Shrimps of the genus Macrobrachium can be found in almost all types of freshwater habitats and estuarine environments in tropical and subtropical zones (New and Singholka, 1984; Chávez, 1991; Mago-Leccia, 1995; Á lvarez et al., 1996; Melo and Brossi-Garcia, 1999; Bowles et al., 2000; Da Silva et al., 2004) . Species present different adaptations to the freshwater environment, including different types of embryonic and larval development (Melo and Brossi-Garcia, 1999) . There are two groups of species within Macrobrachium regarding adaptations to riverine environments (Holthuis, 1952) : 1) species that complete larval development entirely independently from estuarine waters, with juveniles and adults living in freshwater habitats (Bueno and Rodríguez, 1995) ; examples of this group are M. potiuna (Müller, 1880) (Müller and Carpes, 1991; Nazari et al., 2003) and M. jelskii (Miers, 1877) (Gamba, 1982) ; 2) species with early life stages that depend on estuarine or brackish waters to complete their development (Holthuis, 1952; Gamba, 1982; Pereira and García, 1995) ; examples for this group are M. acanthurus (Wiegmann, 1836) (Choudhury, 1970; Ismael and Moreira, 1997) , M. americanum Bate, 1868 (Holtschmit and Pfeiler, 1984) , M. ohione (Smith, 1874) (Bauer and Delahoussaye, 2008) , and M. carcinus (Linnaeus, 1758) (Choudhury, 1971b; Moreira et al., 1982) . Species of the first group generally produce large but few eggs, and an abbreviated larval development (Pereira and García, 1995) . In contrast, representatives of the second group carry relatively small but numerous eggs (Jalihal et al., 1993; Pereira and García, 1995; Odinetz-Collart and Rabelo, 1996; Melo and BrossiGarcia, 1999) , with larvae passing through a series of zoeal stages before reaching the juvenile stage (Choudhury, 1971a; Pereira and García, 1995) .
The two largest freshwater shrimps in Costa Rica are M. americanum and M. carcinus, from Pacific and Atlantic sides, respectively, the latter species being one of the largest shrimp species of the Americas (Holthuis, 1952; Lewis, 1961; Lewis and Ward, 1965; Lewis et al., 1966) . M. americanum and M. carcinus can reach sizes of up to 250 and 300 mm total length in males, respectively, while females are slightly smaller, at 195 and 175 mm, respectively (Fischer et al., 1995; Á lvarez et al., 1996; Bowles et al., 2000) .
The known geographical distribution of M. carcinus along the eastern coast of the Americas extends from Florida to Brazil, including some Caribbean islands; the species has been reported also from western India (Holthuis, 1952; Lewis, 1961; Choudhury, 1971a; Graziani et al., 1993; Bowles et al., 2000) .
Egg production of M. carcinus has been partially studied in Brazil (Lobão et al., 1985; Anger and Moreira, 1998), in Mexico (Mejía-Ortíz et al., 2001) , and Venezuela (Graziani et al., 1993 (Graziani et al., , 2003 , but none of these studies were carried out in the Central American region. Moreover, these reports did neither provide information on female energy investment per egg clutch, nor did the authors consider different developmental egg stages. Therefore, the present contribution broadens our knowledge on egg production in M. carcinus, based on data obtained from a shrimp population in northern Costa Rica, Central America. The results provide further insights in the reproductive biology of M. carcinus throughout its known geographical range, allowing a comparison with other representatives of the genus Macrobrachium, including adaptations to inhabit freshwater and estuarine ecosystems. JOURNAL OF CRUSTACEAN BIOLOGY, 29(3): 343-349, 2009 MATERIALS AND METHODS
Study area
Specimens were collected in northern Costa Rica, close to the border with Nicaragua (Fig. 1) . The area is influenced by the San Carlos and San Juan rivers; the latter one has a basin of 10,937 km 2 and is the drainage of the Lago de Nicaragua towards the Caribbean site (Umaña et al., 1999 
Fecundity
Each collected female with an undamaged egg mass (independent of the developmental stage of the embryos) was placed in individual plastic bags and maintained at low temperatures (0-5uC) during the transport to the laboratory. Subsequently, the entire egg mass was removed and preserved in 70% ethanol. From this egg mass, three subsamples, consisting of 311 to 1226 eggs each, were extracted. Photographs (Fujifilm, FinePix 3800 of 3.2 Megapixeles) of the entire subsample were taken using a dissecting microscope (Leica MZ8) and the software UTHSCSA Image-tool (University of Texas Health Science Center of San Antonio, Texas; http//:www.maxrad6.uthscsa.edu) was used for the counting of the eggs. Subsamples and the remaining egg mass were dried for 24 h at 65uC and weighed with an analytical balance (Sartorius; precision: 6 0.0002 g). Subsequently, we calculated the mean dry weight per egg, and, based upon this value, we estimated the total number of embryos carried by the female.
Egg development was categorized according to the criteria proposed by Wehrtmann (1990) 
Egg size and egg volume
A total of 10 eggs were separated from each ovigerous female to measure the length and width under a compound microscope (Leica MS5) equipped with a calibrated ocular micrometer. Egg volume was calculated according to the following formula: where ''l'' is length and ''h'' width in mm; p 5 3.14 For each for the three embryonic stages, we calculated the average egg volume with standard deviation and applied ANOVA to test for significance between stages. The average egg volume was subsequently multiplied with the total number of eggs per female to obtain the total egg mass; linear regressions were prepared for each embryonic stage to depict the relation between fecundity and females size (CL), and the degree of significance was established by Student's t test.
Water content and reproductive output (RO)
The estimation of the water content of eggs was based upon the difference between wet and dry mass; an ANOVA was applied to test for statistical significance between the different parameters.
For the RO, the dry mass of each ovigerous female was determined with a digital balance (Mettler PJ 360 Delta, precision: 6 0.002 g) without regard to the developmental stage of the embryos; subsequently, we calculated the RO by dividing the total dry mass of the eggs by the female dry mass (López et al., 1997) . Linear regressions were prepared to analyze the relation between RO and female size (CL); the Student's t test was used to test for statistically significance.
RESULTS

Fecundity
The relation between fecundity and female size can best be described by a positive linear relation for Stage I (P , 0.001) and Stage II (P 5 0.002); this relation was statistically not significant for Stage III (P 5 0.26) (Fig. 2) Water content of the eggs (Table 1) increased significantly during egg development (P , 0.001), reaching 76.8% in Stage III. During the embryogenesis, average water content increased by 15.8%.
We found a positive relation between volume of the total egg mass and female size for Stage I (P , 0.001) and II (P 5 0.03), but not for Stage III (P 5 0.11) (Fig. 3) .
Reproductive output
There was no statistically significant relation (P 5 0.56) between RO and CL in M. carcinus (Fig. 4) . Females converted on average 12.0 6 4.0% of their body weight in the production of eggs, and RO varied between 4% and 21% (Fig. 4) .
DISCUSSION
Generally, caridean shrimps are not as productive in fisheries and aquaculture as penaeids, and fecundity is much higher in penaeids than in carideans. One exception of this generalization are species of Macrobrachium that depend on estuarine environments to complete larval development (Jalihal et al., 1993) . These species can attain large sizes and produce much more eggs than the majority of other caridean shrimps (Table 2 ). According to Bauer (2004) , these differences can be attributed to life history traits, such as growth rates, age of first reproduction, generation time, and fecundity, which are strikingly different in carideans inhabiting the tropics compared to those in temperate or coldwater zones (Bauer, 1992) .
Fecundity of Macrobrachium carcinus increased in a linear way with the size of the females, especially when considering embryos in early developmental stages (I and II; Fig. 2 ). Such a positive linear relation has also been described also for M. heterochirus (Wiegmann, 1836 ) (Ching and Velez, 1985) , M. acanthurus (Valenti et al., 1989) and M. olfersi (Mossolin and Bueno, 2002) . In contrast, other authors (Mejía-Ortíz et al., 2001) concluded that an exponential model provides the best fit to describe the relation between egg number and female size in M. carcinus, M. acanthurus and M. heterochirus. These results indicate that the relation between fecundity and female size in species of Macrobrachium must be analyzed and described on a species level, since linear or exponential models may provide the best fit.
Numerous studies with different decapods have shown that fecundity is closely related to female size. As a general rule, larger females of the same species have larger ovaries, capable of producing more offspring than smaller individuals; moreover, larger females are able to carry more embryos than smaller ones due to a larger physical space available for egg attachment (Hines, 1982 (Hines, , 1991 (Hines, , 1992 Ching and Velez, 1985; Corey and Reid, 1991; Graziani et al., 1993; Lardies and Wehrtmann, 1997; Wehrtmann and Lardies, 1999; Oh et al., 2002; Nazari et al., 2003) . The results of our study corroborate this tendency. Table 2 shows a comparison of egg production data in M. carcinus and other members of the same genus; M. carcinus produces on average by far the highest number of embryos, followed by M. rosenbergii (de Man, 1879) and M. ohione. The intra-and interspecific differences in fecundity of the representatives of the genus Macrobrachium is influenced by differences in female size (Ching and Velez, 1985; Graziani et al., 1993; Da Silva et al., 2004) as well as by temperature, and food quality and quantity which may vary along the latitudinal range of the distribution of the species (OdinetzCollart and Rabelo, 1996; Mejía-Ortíz et al., 2001; Brante et al., 2003; Fransozo et al., 2004) .
The increase in egg volumen during the incubation period in decapods is a result of gradual water uptake during embryogensis (Lardies and Wehrtmann, 1997; López et al., 1997; Müller et al., 2004) . The swelling of the egg permits the development of the embryo (Hernáez and Palma, 2003) , which is probably controlled by the thickness and permeability of the egg membrane (Lardies and Wehrtmann, 1996) . In the case of M. carcinus, egg volume increases on average by 35.4% during embryogenesis. This value is similar to those reported from other Macrobrachium species: M. amazonicum (Heller, 1862) : 33.4% (Odinetz-Collart and Rabelo, 1996) ; M. olfersi: 30.7% (Mossolin and Bueno, 2002) ; M. potiuna: 28.0% (Nazari et al., 2003) . This limited data set (Table 3) seems to indicate that the egg volume increase in species of Macrobrachium is independent of female size, because M. carcinus is substantially larger compared to the other three species for which such data are available. Additional data from other Macrobrachium species are needed to corroborate this tendency.
The size of the eggs in decapods is under genetic control and associated with the type of larval development (Herring, 1974) . In freshwater decapods, egg size is linked also to the degree of adaptation to the limnic environment (Odinetz-Collart and Rabelo, 1996) . In the case of M. carcinus, the ranges of egg size and volume are within those for other Macrobrachium species which require an estuarine environment to complete their reproductive cycle, e.g., M. acanthurus, M. heterochirus, M. ohione, and M. olfersi (see Table 3 ). As expected, species like M. potiuna and M. hainanense (Parisi, 1919) , that are adapted to freshwater habitats and present an abbreviated larval development, produce substantially larger eggs than M. carcinus (Nazari et al., 2003; Mantel and Dudgeon, 2005) .
According to Pandian (1970) , eggs of marine benthic decapods that release planktonic larvae increase their initial Graziani et al. (2003) water content of 50-60% up to 70-80% close to hatching. The results of several studies with caridean shrimp from temperate (Lardies and Wehrtmann, 1997; Wehrtmann and Kattner, 1998; Wehrtmann and Lardies, 1999) as well as tropical zones, including Costa Rica (Wehrtmann and Graeve, 1998) , have corroborated Pandian's (1970) conclusion. The water content of M. carcinus eggs increased during embryogenesis from 66.3 to 76.8% (Table 3) , which coincides with the above-mentioned values (Pandian, 1970) . Although comparable data for other species of Macrobrachium are not available, it seems reasonable to assume that the tendency of water content in eggs among benthic decapods with planktonic larvae increasing from 50-60% to 70-80% during the incubation period is not restricted to marine decapods, but may be also valid for benthic freshwater shrimp with planktonic development. Additional data from other decapod species inhabiting freshwater habitats are required to substantiate this hypothesis. Females of M. carcinus converted between 4.0 and 21.0% of their body weight in the production of eggs (Fig. 4) . This agrees with similar findings in marine benthic decapods (Hines, 1988 (Hines, , 1991 Wehrtmann and Graeve, 1998) , and the range reported for other species of Macrobrachium (Table 4 ). The reproductive output of M. carcinus was not related to female size, and this finding is in accordance with the results reported for M. hainanense (Mantel and Dudgeon, 2005) and other marine caridean shrimp (Wehrtmann and Andrade, 1998; Wehrtmann and Lardies, 1999) . Anger and Moreira (1998) 
